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Syfiops i s  

Recenr p r o g z e s s  i n  vacd2:1. uLrzz--dLoler i n s t r u m e n t a t i o n  

and t e c h n i p e s  u s e f u l  t o  solid s t a c e  p h y s i c s  i s  d e s c r i b e d ,  

&rhough m c h  of the i n s t r u m e n t a t i o n  advances  are a l s o  of u s e  

tc other V-uv s t u d i e s .  Improvements i n  s o u r c e s ,  d e t e c t o r s ,  

ami d i s p e r s i v e  systems ( p a r t i c u l a r l y  i n  g r a t i n g  r e f l e c t i v i t i e s )  

2re r a t e d .  While commercial  i n s t r u m e n t a t i o n  i s  n o t  d e s c r i b e d ,  

i t  i s  perhaps  i n  t h i s  area th2;t Zhe most s t r i k i r g  i::z:crnenGal 

p r o g r e s s  has come. 

and e x t e r n a l  pho toemiss ion  c o n t i n u e s  t o  a u p e n r  rhe O - - - Z ~ ,  

work. I n t e r e s t  i n  1~:L::zscant sysL-m i s  a l s o  still cscclful as 

Lndica t in ;  someth ing  aboi;  t h e  e n e r g y  band scheme i n  i n s u l a t i n g  

Bes ides  o p t i c a l  s t u d i e s ,  wor-.c OT, Lnze rna l  
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al laser r a d i s t i o n  in c o n j c c c t i o n  with 

c 

Lion ii? 2 cbilble photon sbsorption pi-GCCSS i n  KI. 
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IC seems fa i r  t o  say t h a t ,  p r e v i o u s  t o  1945, rcsc--- ,.-,ch i n  

'r;e s p e c ~ r a l .  ; - e g i ~ n  of the vacuum u l t r a - v i o l e t ,  now sone e ighty  
r. yzars  o ld ,  wcnt S S T ~ S W ~ I ~ L ~  iinno-ciced azd was most ly  c o z r i n e d  t o  

a tomic  spe:trcscopy. , 4 2 ~ : z  Chat y z a r  , under  the g1ea-i impetus  

g i v e n  IC by inCeerest in s o l i d  star? p h y s i c s  and l z ~ z  by r o c k e t  

ins t rumeL?ta t ion  acd thc A v m t  of  what Tousey i n  his  v a l u a b l e  
1 I I  

7- -Lview 9 c J l l s  s p a c e  astrcnomy," the f i e l d  greatly expanded and 

>?came c.5 impor t ance  t o  other areas. 

however , that  the f i r s t  i n t e r n a t i o n a l  Cor?ference on G7Lrz- 

Violet XadiE t i an  2kysics was held, i n  LGS h g e l e s  u n i e ~  the 

it WLS n o t  u n c i 1  1962, 
- 

G r g a n i z a t i o n  of i>rozesso;- L T p q  ,idLssler. T h e  pa2c-r~ give;; chere 
'2 form a s i z z b l e  comp~ndiun"  on  the  s t a t ~ s  0 2  rhe field as of 

c ..c L. ins t rum: i t , z ion  TOT solid srate  p h y s i c s  studies i n  th is  

s p e c t r a l  r e g i o n .  it w i l l  be somewhar a r b i t r a r y ,  k z h  as t o  

ia'nat. i s  t a k e n  as recent am2 how fsr down toward 232 X-uv 

c o n s i d e r e d ,  It is abundan t ly  c lear  &so thzt x-:? o ~ ~ t i c a l  

i n s t r u m n L a c i o n  for s o l i d  state studies will :;- LLG-LL s l se-  

4 is 

- -  

l i t t l e  of t h i s  is 1abora . tory  , - - .. - 
c - .i- - 
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I n  reviewing the advncces of the pas t  f e w  years, bot?- i n  

"ne techniqc, and t~00I.s of the V-uv spec t roscopis t ,  as w e l l  

as what has k e n  l e a n s 2  with their  use, one i s  rarzher impressed 

hat, f o r  .t5c most part, the advances have been 

We 2 r e  still measuring o p r k  transaiss ions 

i n  t h i n  f i lms,  o r  r e f l e c t i v i t i e s  i n  bulk r_o infer the energy 

band scheme I n  s o l i d s .  We a r e  using lumirzcscenx z x c i t a t i o n  

and phocoelectr ic  effects, both i n r e r n a l  and e x t e r m l j  t o  t e l l  

u s  the same s tory .  Besically, our  ins t runents  cannot change 

very much f o r  Lain2 ;:-Lese. 

Conspicuous i n  the instrumenration progress i n  the field 

during the p a s t  f e w  years, is the g r m i n g  l i s t  of beautiful 

and excellent inssruments and accessories  comercLal ly  avail- 

.,le, b ~ ~ h  i n  OUT 01\72 ccuntry snd &broad. Largely Eke i n s t r u -  

mentation i s  LE t h s  dls;..-zsing sy5;tern and vacuum sysrenl. but 

at the saxe "Line eqci?ae.nt m a y  be obtained complete with source,  

no to r  drive, f i i t e r s ,  detector, 2nd recording system, as one 's  

taste and pcse d i c t a t e ,  I n  many wzlys this  in itself beccir;;.cs 

r2.ctll.y t he  outstanding contr ibut ion to the instrumencation 

f o r  &vznce i n  the fizld, For information on such, hawever, 

one had bes t  refez LO advcrcising in t r a d e  journa ls  CLLG llixra- 

t u r e  availzble Zrm cznufacturers. Our c o m ~ , n t s  beyctnd t h i s  

w i l l  E:-.- t :~ich on S?;C:;~LC commercF2-7, insxumcnrs .  . -. 

Sources: InteresT: i n  new scuices continues.  While spark 

- 5 -  
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scjurces zre used, and par:iculasly so as the X-uv region i s  

zpproached, the low vol tage ci.c. discharge in Iiydrogea is  pro- 

h b l y  chc? most widely used V-uv source.  

A z d  can c)e extended t c  a b w t  5OOA w l c 5  the u s e  of a r g m  and 

helium, the region b e i m  lOOOA being obtained p r i n c i p z l l y  i n  

l i n e  spzcrrz.. Probably ~ 5 2  most versati le intense 

source i n  u s e  at  2% pzesent t i m e  (and ava i l ab le  comerc ia l ly)  

I s  the c a p i l l a r y  discizazge source of Kwburgh, Weroux and 

.i:ntere;ger,’ whic3 C G ~  be used either i n  a d .2 .  m 2 c  o r  a t  

It is usefu l  t o  900A 

- 
7 - .  

higher pressures a d  wizh helium i n  a condensed dlseharge 

mode to p r o d x z  the 2s 

T 3 i s  has the disadvantage tha t  i t  is a rather higher vol tage  

z Jrce and necess i t a t e s  large differential pumping a t  the 

encrance s l i t  of the monochromator because o f  its high operEt- 

i n g  pressure.  In the sane p a p r ,  t k s z  authors  descr ibe  another  

source producing l i n e s  o f  ionized gases .  

6 continuum above Gooa studied by Tanaka. 2 

This i s  a rugged 

.?,hYI v c L a i o n  of the well known Schueler l a p ,  Lines down ts 256~ 

w e r e  observed. 

one l i n e  i s  not high (on tkz order of lo7 photons/sec.)  but ,  

depending on the de tec t ion  system employed, ample for use fu l  

rneasurenents . 

With fairly wide s l i t s  the photon f l u x  i n  any 

Ocher hydrogen &;charges excited by mlcrowave power 

genera ta rs  have been described r e c e s t l y  . 798J9 l.tpLilz tiiese 

appear t o  be of  comparable i n t e n s i t y  t o  the low vc;lz::ge, :--at 

cizthode soarces ,  their  F r i i l c i p l e  d v m t a g e  woula seer! -3 be 
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Conochromscor couples t he  pos i t i on  of  t h e  e x i t  s l i t  t o  t h e  

g r a t i n g  angle  t o  maintain it a t  t h e  focus.  15 

One important aspec t  of the d i s p e r s i n g  system is t h e  

e f f i c i e n c y  of  the  g r a t i n g ,  which i s  enhanced by both b l az ing  

and by r a i s i n g  the r e f l e c t i v i t y .  Much work has been done i n  

ach iev ing  h igh  r e f l e c t i v i t i e s  down t o  1000A. Speed of  evapora- 

t i o n ,  degree of vacuum during and inmediately af ter  evapora- 

t i o n ,  and i n t e r f e r e n c e  e f f e c t s  are a l l  matters that  inf luence  

t h e  r e f l e c t i v i t y .  I f  a i r  could be kept  from t h e  r e f l e c t i n g  

surface, t h e  evidence i s  t h a t  t h e  r e f l e c t i v i t y  o f  aluminurn 
16 could  be as h igh  as 85% a t  a wavelength as low as 11OOA. Un- 

f o r t u n a t e l y  t h i s  seems an i m p r a c t i c a l i t y  but  from t h e  work o f  

Haas and Tousey i t  has been known f o r  a number of  years  t h a t  

a l a y e r  o f  MgF2 r e t a r d s  the formation of oxide and, through 

i n t e r f e r e n c e ,  f u r t h e r  increases  the r e f l e c t i v i t y .  l7 

so  coated are now commercially a v a i l a b l e .  In  the 2000k r eg ion  

a u v - i r r a d i a t e d  S i 0  f i l m  ove r  the aluminum holds  t h e  r e f l e c -  

t i v i t y  t o  9@. l8 Aluminum covered w i t h  a l a y e r  of LiF w i l l  

ho ld  the r e f l e c t i v i t y  t o  6@ at lOOOA and a ve ry  l i g h t  over- 

c o a t  of MgF2 on t h i s  r e t a r d s  d e t e r i o r a t i o n  of the LiF. '' 
low lOOOA rhodium a p p e z s  q u i t e  good but  g e n e r a i i y  s7eaking 

p l a t i n u m  h e r e  ap2ears t o  s t i l l  be t h e  b e s t  material t o  u s e  

u n t i l  one g e t s  i n t o  ~ 5 e  grazing incidence type  o f  ins t rument .  

Other work2* i x i i c a t e s  Sold n i g h t  be use fa1  5.;: demonstrates 

Grat ings 

Be-  

20,21 

i n  both p l a t i x z  an6 s o l d  wide v a r i a b i l i t y  i n  t h e  r e f l s c t i v i t y  
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and, indeed, on the e f f i cacy  of blaze,  even on g ra t ings  appear- 

i n g  i d e n t i c a l  under microscopic examination. 
shows r e f r a c t o r y  metals t o  be good r e f l e c t o r s  below 1OOOA. 22a 

It i s  q u i t e  clear that t h e  last word has not  been heard on 

g ra t ings  . 

Very recent  work 

Concurrent w i t h  g ra t ing  r e f l e c t i v i t y  progress has b e e n .  

the explora t ion  of o t h e r  r e f l ec t ance  coat ings making use of  

i n t e r f e rence .  To da te ,  modest V-uv r e f l e c t i o n  f i l t e r s  have been 

made23 and mul t ip le  beam interferometry has been extended down 

While no s i g n i f i c a n t  app l i ca t ion  t o  s o l i d  s ta te  24 t o  1 8 2 5 ~ .  

physics can be claimed f o r  either, the t r end  is c lear .  

Detectors:  As w i t h  o ther  aspec ts  of V-uv instrumentation, 

the progress i n  the means of d e t e c t i n g  t h e  r a d i a t i o n  i s  again 

p r imar i ly  i n  re f inement  and understanding of our  present  de- 

t e c t o r s .  For the most pa r t ,  sodium sa l icy la te  i s  s t i l l  used 

as a wavelength converter,  the  blue wavelength r a d i a t i o n  of 

which is  de tec ted  by conventional l o w  noise  photomult ipl iers .  

T u ~ h s c h e e r e r ~ ~  has inves t iga ted  i n  the near-uv the r o l e  of 

i t s  thickness ,  i t s  emission spectrum, and relative e f f i c i e n c y  

but probably the d e f i n i t i v e  work f o r  ou r  purposes w i l l  be that  

of All ison,  Burns and Tuzzolino. 26 The quantum e f f i c i e n c y  i s  

found again t o  be near un i ty ,  a s tandard method of app l i ca t ion  

is  given,27 the effect  of  thickness and the angular  d i s t r i b u -  

t i o n  determined. A feature  of t h i s  work w a s  t h e  use as an 

absolu te  fluorescence photon d e t e c t o r  of a s i l i c o n  surface- 

b a r r i e r  photodiode, which had earlier been found t o  be an 

effect ive V-uv d e t e c t o r  wi th  r i s i n g  e f f i c i e n c y  over the range 
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of 10 t o  21 ev. 28 

looked at2' f o r  use i n  the vacuum u l t r a v i o l e t  but  on ly  one 

o t h e r  now seems t o  be a se r ious  contendef t o  the sodium sal- 

i c y l a t e .  

i n  s p e c t r a l  response3* and goes down i n  evaporat ion i n  a 

Other new phosphors have r e c e n t l y  been 

T h i s  i s  the phosphor "Liumogen," which is  q u i t e  f lat  

r a t h e r  g l a s sy  state. 

absorp t ion  of t h i n  absorbing f i lms  which may be evaporated 

over it 31 

sodium s a l i c y l a t e  but th i s  i s  of concern only  i n  abso lu te  

measurements. 

As such it has been used to measure the 

It is rather more temperature s e n s i t i v e  than is 

One i n t e r e s t i n g  phosphor a p p l i c a t i o n  makes use  of CaS04:Mn. 

T h i s  is i r r a d i a t e d  by the u l t r a v i o l e t  r a d i a t i o n  be ing  measured 

and i t s  luminescence 

the phosphor s t o r i n g  

s imple re f lec tometer  

then  measured upon thermal s t imula t iop ,  

the information sought. A coarse but  
has been cons t ruc ted  using. th is  d e t e c t o r  32 

Metallic photoemitters make good d e t e c t o r s  below 1OOOA. 

They have the advantage that scattered vis ible  l igh t  i s  not  

so se r ious ,  it being of no t  enough energytn eject many elec- 

t r o n s .  The c u r r e n t s  w h i l e  small, can be detected convenient ly  

w i t h  s e n s i t i v e  electrometers o r  otherwise made t o  produce l a r g e  

eEfects, e i ther  through e l ec t ron  a c c e l e r a t i o n  and subsequent 

e x c i t a t i o n  of an a u x i l i a r y  phosphor33 o r  by sending the e l e c t r o n s  

i n t o  a photomul t ip l ie r  s t r u c t u r e  of the convent ional  type34 o r  

i n t o  the Bendix channel o r  s t r i p  m u l t i p l i e r .  35 The latter is 

a p a r t i c u l a r l y  good device, being very i n s e n s i t i v e  to atmos- 
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pheric exposure and small enough t o  make very effective use 

of  the primary photoelectrons,  which may be generated from a 

cathode of one ' s  choosing. This can a l s o  be the case i n  the 

open mul t ip l i e r .  Since the pioneering work of Weissler, gold 

s t i l l  seems t o  be p re fe r r ed  as a photocathode. Recent work 36 

on abso lu te  measurements of i n t e n s i t y  making use o f  a type of 

double ion iza t ion  chamber has remeasured the pho toe lec t r i c  

y i e l d  of gold as w e l l  as o f  low r e f l e c t i v i t y  gold black. 

(Fur ther  information on sodium s a l i c y l a t e  w a s  a l s o  obtained. ) 

Sealed o f f  photodiodes and photomul t ip l ie rs  w i t h  uv- 

t r ansmi t t i ng  windows are being developed but,  w h i l e  u se fu l  t o  

l lOOA, are not y e t  i n  wide labora tory  u s e b  37 

I n  the X-uv region photon counters  are used, 38,39,40 but  

unfor tuna te ly  i n  the V-uv e s s e n t i a l l y  no use has y e t  been made 

of them. 

but it ca? still be used en ~ c c s s s i e n  tc advantage'. 

Nor i s  photography a much used technique i n  the region, 

The e ~ d -  

s i o n  must be either free of g e l a t i n  or  i t  must be s e n s i t i z e d  

w i t h  a phosphor. Sodium s a l i c y l a t e  itself can be  used f o r  

t h i s  as was  r ecen t ly  done i n  a determinat ion of  the number of  

e l ec t rons  i n  the conduction band of  aluminum by photographi- 

c a l l y  observing the transmission cu to f f  of  t h i n  aluminum f i l m s .  41 

Miscellaneous:! I n t e r e s t  has f o r  some t i m e  been shown i n  

t h e  development o f  po la r i ze r s  f o r  t h i s  reg ion  o f  the spectrum. 

P a r t i c u l a r l y  i n  the s tudy  of impuri ty  cen te r s  in s o l i d s ,  where 

symmetry i n  the c r y s t a l  plays an important r o l e ,  s t u d i e s  i n  



- 13 - 

polar ized  e x c i t a t i o n  can be i l lumina t ing .  

measurements had t o  be restricted t o  the v i s i b l e  o r  near-uv 

region of the spectrum. Walker has now descr ibed a p o l a r i z e r  

made up of a s t a c k  of LiF p l a t e s  for u s e  down t o  1200A. 42 The 

p o l a r i z a t i o n  is  q u i t e  high but the t ransmission is f a i r l y  low. 

U n t i l  r e c e n t l y  such 

Nevertheless it w i l l  be a usefu l  adjunct  and app l i ca t ions  f o r  

it w i l l  not  be long i n  coming. 

Vacuum technology i s  not u sua l ly  considered p a r t  of o p t i c s  

technology but  w i t h  more work needing t o  be done on surfaces 

of  pure materials which are now s tud ied  i n  a poor vacuum, the 

need i s  a r i s i n g  f o r  b e t t e r  vacua. The importance of  th i s  t o  

t h e  r e f l e c t i v i t y  of aluminum was  c i t e d  earlier. W e  are in-  

v e s t i g a t i n g  a s i m i l a r  s i t u a t i o n  i n  LiF, where an impurity, 

long-wavelength photoemission t a i l  i s  observed. 

s tud ied  down t o  about l l 5 O A  i n  an u l t r a -h igh  vacuum region  

sealed o f f  from t h e  rest of the v a c u u m  system w i t h  a t h i n  LiF 

window. 

decrease i n  t ransmission we and others43 have observed i n  LiF 

af ter  cleaving.  

vacuum by s e a l i n g  o f f  the region w i t h  only a very  t h i n  t r a n s -  

This  is  being 

The phenomenon is q u i t e  l i k e l y  associated w i t h  a 

Lower wavelengths can be reached a t  ultra-high 

m i t t i n g  f i l m  after the rough vacuum is obtained both i n  the 

sample chamber and the surrounding region.  43a 

Sca t t e red  l i g h t  has i n  pas t  work become s e r i o u s .  A f e w  

years  ago w e  i nves t iga t ed  a position-modulated exit  s l i t  used 

i n  conjunction w i t h  a l i n e  spectrum as a means t o  e l imina te  
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the problem. 44 

w i t h  a s e n s i t i z e d  photomult ipl ier .  With the de tec t ion  fre- 

quency the same as that of the dr ive ,  maximum s i g n a l  is  ob- 

served on either side of the  l i ne ,  the phase reversing between 

t h e m .  

Phase s e n s i t i v e  synchronous de t ec t ion  w a s  used 

When the s c a t t e r e d  l i g h t  modulation itself becomes 

comparable t o  the l i n e  modulation, a t  weak l i n e s  near  the cen- 

t ra l  image, it becomes p ro f i t ab le  t o  change de tec to r  frequency 

t o  the second harmonic of t he  s l i t  dr ive ,  maximum s i g n a l  then 

coming w i t h  the l i n e  central on the s l i t .  

is  encouraging enough t o  warrant f u r t h e r  work, w e  s t i l l  use 

photoemissive de t ec to r s  as being more convenient and reasonably 

While the system 

adequate. 

A somewhat analogous system u t i l i z i n g  a s p e c t r a l l y  sen- 

s i t i ve  r ad ia t ion  chopper which e f f e c t i v e l y  modulates the 

V-uv r a d i a t i o n  without much being done t o  scattered r a d i a t i o n  

has a l s o  been used t o  advantage. For exampie, Madden and Can- 

f i e l d  descr ibe  an elegant, near-normal incidence r e f l ec tomete r  

providing AC discr imina t ion  between r a d i a t i o n  passed by either 

h igh  s i l ica  g la s s  and LiF o r  between LiF and an open window. 45 

Measurements: Since o p t i c a l  s t u d i e s  gene ra l ly  involve 

measurement of  both an inc ident  and emergent beam of r ad ia t ion ,  

considerable  t i m e  would be saved and convenience gained i f  a 

double beam arrangement could be  contr ived.  

i n  the v i s i b l e  and near-uv are commonplace by now. 

reg ion  such an instrument has been devisedgawhich achieves 

46 Such instruments 

I n  the V-uv 
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t h e  double beam configuration by converting the  uv-radiation 

d i r e c t l y  t o  v i s i b l e  l i g h t  w i t h  sodium s a l i c y l a t e  both on t h e  

chopper and i m e d i a t e l y  behind t h e  sample, imaging both 

phosphors on a s i n g l e  photomultiplier which is  followed by 

ampl i f ie rs  and a servo system balancing the . two signals by 

moving an o p t i c a l  wedge i n  the  path of t h e  " incident  r a d i a t i o n  

phosphor" l ight.  

beam arrangement has a l s o  j u s t  been made ava i l ab le .  

A commercial instrument providing a two 

Techniques have not changed g rea t ly ,  however, during t h e  

p a s t  few years .  Measurements, r a t h e r ,  are simply more r e l i a b l e  

and extended. 

by t h e  work of Eby, Teegarden and Dutton on t h e  absorpt ion of 

Examples of good measurement are w e l l  exemplified 

the a l k a l i  halides.47 While t h e  work i s  now near ly  f i v e  years  

old,  it seems safe t o  say  t h a t  t h e  techniques o r  value of  t h e  

data have not been g r e a t l y  improved on s ince .  

Hanovia, low vol tage,  hot cachode hydrogen discharge Wa.5 t h e  

source; t he  d ispers ing  system a s m a l l  normal incidence g r a t i n g  

monochromator; absorption w a s  determined by evaporating two 

d i f f e r e n t  thicknesses  of salt  on t h i n  LiF subs t r a t e s ,  t h e  

r e l a t i v e  absorption being given by t h e  d i f f e rence  i n  t r a n s -  

mi t ted  r a d i a t i o n  i n  t h e  two samples; the r a d i a t i o n  w a s  de tec ted  

w i t h  an end-on photomultiplier coated w i t h  sodium s a l i c y l a t e ,  

t h e  spectrum being scanned i n  lOOA i n t e r v a l s  t o  e l i m i n a t e  

quest ion concerning source s t a b i l i t y .  

A modified 

Much t h i s  same technique w a s  used last year  by Bald in i  
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i n  an inves t iga t ion  on some of t h e  s o l i d  rare gases.  3l  I n  

this ins tance  a s h o r t  sapphire rod is evaporated on each end 
wi th  t h e  phosphor I t  liumogen'l. A t  helium temperature, f i lms 

of t h e  rare gas are deposited over t h i s ,  of d i f f e r e n t  th ick-  

ness  on the  two ends. 

absorbed and t h e  remainder exc i t e s  t h e  phosphor immediately 

beneath it, which l i g h t  is seen by t h e  photomult ipl ier  looking 

i n  at the  o the r  end of t h e  rod. 

t o  repeat the  operat ion w i t h  t h e  f i l m  on t h e  o the r  end. The 

Light inc ident  on the  f i lm  is  p a r t i a l l y  

The c r y o s t a t  is then  r o t a t e d  

d i f f e rence  gives t h e  r e l a t i v e  absorpt ion of t h e  s o l i d  gas, f r e e  

of r e f l e c t i v i t y  and s c a t t e r e d  l ight e r r o r .  

has been extended t o  a study of  hydrogen and deuterium i m -  

The techniqae 

48 p u r i t i e s  i n  rare gas films. 

Many people are now using r e f l e c t i v i t y  d a t a  and Kramers- 

Kronig ana lys i s  i n  determining o p t i c a l  cons tan ts .  Probably 

t h e  most complete analyses of t h i s  s o r t  are those of t h e  General 

E l e c t r i c  group i n  t h e  United S t a t e s .  

o p t i c a l  p rope r t i e s  of a few  semiconductor^^^ a no-1 incidence 

monochromator (semi-focusing) is again used w i t h  a hot cathode, 

c a p i l l a r y ,  low vol tage hydrogen and argon discharge source. 

Two s e n s i t i z e d  photomultipliers w e r e  used -- one f o r  t h e  inc iden t  

r a d i a t i o n  wi th  t h e  sample removed from t h e  beam and t h e  o t h e r  

for the r a d i a t i o n  r e f l e c t e d  from t h e  sample i n  p lace .  

i ng  t h e i r  measurements i n  the V-uv region w i t h  the best r e s u l t s  

of o t h e r  workers on si lver and copper5 and on a 

I n  t h e i r  work on t h e  

Combin- 

0 
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v e r y  d e t a i l e d  p i c t u r e  of the band s t r u c t u r e  i n  t h e s e  metals 

has been obtained.  It i s  t h i s  type  of progress  which appears 

t o  be the most s t r i k i n g  o f  a l l  dur ing  the p a s t  few yea r s .  

The u s e  of two photomul t ip l ie rs  i n  abso lu t e  r e f l e c t i v i t y  

measurements may l ead  t o  d i f f i c u l t y  unless  the two are i n t e r -  

compared. However, for much work this is  no t  necessary.  Smith's  

l igh t  pipe52 i n  p r i n c i p l e  allows of abso lu te  measurement but  

i s  rather i n e f f i c i e n t  i n  our experience.  W e  catch the i n c i d e n t  

o r  r e f l e c t e d  r a d i a t i o n  on an aluminum mi r ro r  which can be  swung 

around the sample t o  be reflected upwards a t  about 45" t o  a 

downward looking, phosphor-coated photomul t ip l ie r  mounted 

axial ly  over the sample, t h e  i n c i d e n t  beah be ing  observed by 

removing the sample. 

w i t h  the l i g h t  p ipe  are obtained w i t h  th i s .  

d e t e c t o r  system, avoiding t h e  extra r e f l e c t i o n ,  probably 

g ives  s i g n a l s  s t i l l  h igher  by n e a r l y  the same order sf img= 

n i tude .  Below about lOOOA, o u r  reflector we simply r e p l a c e  by 

a gold  photoemitter,  record ing  the emission. 

S igna ls  on the order of t e n  higher than 

P h i l l i p ' s  two 

Another r e c e n t  two  photomul t ip l ie r  reflectomete~?~ is 

based on a method of Tousey. 54 

is  made a t  only  two angles  and the o p t i c a l  cons t an t s  are then  

r e a d  from predetermined sets of c h a r a c t e r i s t i c  curves,  c o r r e c t i o n  

being made through o t h e r  nomograms for  g r a t i n g  p o l a r i z a t i o n  

e f f e c t s .  

through t w i c e  the ang le  of inc idence  and the other, f ixed ,  

Measurement of  r e f l e c t i v i t y  

One of the t w o  photomul t ip l ie rs  is arranged t o  move 
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catches pa r t  of t h e  very astigmatic image of t h e  en t rance  s l i t  

a t  t h e  e x i t  s l i t  to monitor t he  inc ident  l i g h t .  

Hun te r  has r ecen t ly  applied a d i f f e r e n t  and new technique 

f o r  obtaining o p t i c a l  constants in t h e  V-uv region. 55,56 He 

s t u d i e s  t h e  cu t -of f  slope i n  t h e  r e f l e c t i v i t y  vs.  angle curve 

as funct ions of wavelength, i n  t he  region of t he  c r i t i c a l  

angle  f o r  t he  materials, together  wi th  t h e  f r inges  observed 

on the  normal incidence s ide  of t h e  c r i t i c a l  angle. 

must  be done a t  wavelengths below where ( f o r  aluminum 0-  about 

830A)theindex of t he  material goes t o  less than uni ty  and 

the  transmission becomes qu i t e  high. 

t h i s  technique is somewhat similar t o  another,  r a t h e r  more 

complicated method, where r e f l e c t i v i t y  behavior i n  t h i n  f i lms 

This 

The in t e r f e rence  p a r t  of 

is s tudied  as a funct ion of t he  f i lm  thickness .  57 

Another approach t o  the o p t i c a l  p roper t ies  of s o l i d s  is  

through a s tudy of impurity or defect ~ l b s ~ r p t i ~ n  and Lumin- 

escent  proper t ies  of t h e  material. 

as an important class of materials, involve V-uv s t u d i e s  of 

such exc i t a t ions .  

Many of t he  a l k a l i  ha l ides ,  

Alderson and Dimond have r ecen t ly  s tud ied  

t h e  e x c i t a t i o n  of KC1:Tl over a region of from 4 t o  10 ev. 58 

Ef fec t s  of impuri ty ,  exciton, and band-to-band exc i t a t ions  

w e r e  observed. Mahr, i n  our laboratory,  has c a r r i e d  on i n -  

ves t iga t ions  on mixed systems,59 notably K I  i n  KC1, measure- 

ments on which j u s t  get  i n t o  t h e  V-uv. 

the  loca l ized  exc i t a t ions  involve short uv- l igh t  f l a shes .  U s e  

Lifet ime s t u d i e s  on 
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w a s  made of sparks  and conventional flash lamps, which i n  

q u a r t z  give r a d i a t i o n  down to  near  1850A and w i t h  s p e c i a l  

windows could go w e l l  beyond this.  

could also be pulsed. 

Many of the bsua l  sources  

An incent ive  for pulsed sources  may come from the desire 

t o  employ a new techn ique  and the one seemingly e x c i t i n g  devel-  

opment i n  recent  years  for  this  f i e l d .  Many materials, such 

as the a l k a l i  ha l ides ,  have such high absorpt ion cons tan ts  i n  

their  i n t r i n s i c  regions,  that s tudy of bulk absorp t ion  i s  i m -  

poss ib le .  

i n  recent  years, 60961962 and deductions of the e l e c t r o n  "schubweg" 

l e a d  t o  a value so small as t o  make one wonder whether it should 

be c a l l e d  conduct iv i ty .  

take p lace  immediately adjacent t o  the s u r f a c e  and the i n t e r i o r  

of the c r y s t a l  plays no role. 

t h a t ,  w i t h  the advent of the  laser, one might c a r r y  o u t  i n  a 

two photon process i n t e r i o r  e x c i t a t i o n s  w i t h  e n e r g e t i c  enough 

photons w e l l  removed from the  absorpt ion edge. 

Hopfield, Worlock and Park d id  this,  mixing l ight  from a ruby 

laser w i t h  that of a conventional source near  the absorp t ion  

edge of K I ,  observing the expected inc rease  -in absorp t ion  of 

the uv-l ight  when the laser beam w a s  also inc iden t  on the K I  

c r y s t a l .  

long wavelength edge of the V-uv, th is  seems to r ep resen t  the 

one s t r i k i n g  experimental  development for  the field.  

Photoconductivity i n  them has been observed on ly  

The concensus i s  that a l l  e x c i t a t i o n s  

It has become a p o s s i b i l i t y  

Last  year, 

In  s p i t e  of t h e  app l i ca t ion  thus  far being at the 

Tenta- 
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t i v e l y ,  w e  have observed the  same absorpt ion w i t h  the technique 

and are at tempting t o  a sce r t a in  whether electrical s igna l s  

observed represent  t r u e  photoconductivity o r  are merely the 

effect any c r y s t a l  would show when e f f e c t i v e l y  s t r u c k  w i t h  a 

hammer. 

Other s o l i d s  s t u d i e s  r e l a t i n g  t o  the i r  o p t i c a l  p roper t ies ,  

w h i l e  us ing the V-uv are perhaps more electrical i n  na ture .  

Such are s tud ie s  i n  ex te rna l  pho toe lec t r i c  emission, i n t e r n a l  

photoconductivity,  conduct iv i ty  "glow" curves,  and the l i k e  . 
These have been and l i k e l y  w i l l  remain popular. 

of work i n  t h i s  genera l  f i e ld ,  however, are rather i n  the 

electrical instrumentat ion than i n  the o p t i c a l  and so they  

w i l l  not be d e a l t  w i t h  extensively.  

the extension of earlier work on LiF and KC1 can be c i t e d .  

Newburgh6' has c a r r i e d  measurements on ex te rna l  e l e c t r o n  y i e l d  

and energy d i s t r i b u t i o n  olrt  tc ne2rI.g 50 ev, w i ~ g  mzch the 

same instrumentat ion as used by Heroux and H i ~ ~ t e r e g g e r ~ ~  i n  

a s i m i l a r  s tudy  on some metals. 

ou t  i n  p lanar  geometry rather than i n  semispherical  geometry 

o r  by magnetic analyzer  as o thers  have used. Such y i e l d  and 

energy d i s t r i b u t i o n  measurements n i c e l y  augment o p t i c a l  measure- 

ments and can themselves lead t o  a rather d e t a i l e d  p i c t u r e  

of the band s t r u c t u r e  i n  a number of materials. 

The n i c e t i e s  

As a rep resen ta t ive  example, 

The energy ana lys i s  w a s  c a r r i e d  

6667 

A f i n a l  technique r e l a t i n g  to  o p t i c a l  p rope r t i e s  of s o l i d s  

is  e n t i r e l y  electrical. This is  i n  s tudy  of the d i s c r e e t  
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energy losses  suf fered  by e lec t rons  i n  passing through t h i n  

films. Pr inc ipa l ly  revealed i n  such s t u d i e s  are t h e  effects of 

plasma o s c i l l a t i o n s .  68 Simpson proposes, as a r e s u l t  of pro- 

gress i n  obta in ing  very monoenergetic e l e c t r o n  beams, doing 

V-uv and X-uv spectroscopy of atomic states i n  t h e  range of  

1 t o  100 ev, with a r e so lu t ion  of about lo00 at "wavelengths" 

below 6 0 0 ~ .  69,70 The analogue i n  solids is  the d i s c r e t e  

energy lo s s  mechanism. 

however, seems very remote. 

Such prec is ion  i n  t h e  lat ter f i e l d ,  



Conclusion 

While no pretense is made here that a l l  the recent  de- 

velopments i n  V-uv o p t i c s  technology as re la ted  to s o l i d  

state physics have been c i t ed ,  part icular ly  those from abroad, 

i t  is  hoped that the major developments have been given and 

the general trends i n  the f i e l d  indicated.  

. 
. ! 
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